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Colloidal gels, where nanoscale particles aggre-
gate into an elastic yet fragile network, are at
the heart of materials that combine specific op-
tical, electrical and mechanical properties. Tai-
loring the viscoelastic features of colloidal gels
in real-time thanks to an external stimulus cur-
rently appears as a major challenge in the de-
sign of “smart” soft materials. Here we show
that ultrasound allows one to achieve this goal
in well-controlled conditions. By using a combi-
nation of rheological and structural characteriza-
tion, we evidence and quantify a strong softening
in three widely different colloidal gels submitted
to ultrasonic vibrations (with submicron ampli-
tude and frequency 20–500 kHz). This soften-
ing is attributed to the fragmentation of the gel
network into large clusters that may or may not
fully re-aggregate once ultrasound is turned off
depending on the acoustic intensity. Ultrasound
is further shown to dramatically decrease the gel
yield stress and accelerate shear-induced fluidiza-
tion, thus opening the way to a full control of
elastic and flow properties by ultrasonic vibra-
tions.
Colloidal gels constitute a class soft materials with a
huge spectrum of applications, ranging from paints, oil
extraction and construction to pharmaceuticals and food
products [1, 2]. These gels are typically formed from the
aggregation of attractive nanoscale particles that arrange
into a space-spanning network which strength provides
the system with elastic properties at rest. The parti-
cle network is, however, fragile enough that rather weak
external forces disrupt the gel structure and induce flow
above a critical yield strain or stress [3]. Such unique me-
chanical and flow properties are key to applications that
require an interplay between solid and fluid behaviour,
including cement placement, ink-jet printing or flow-cell
batteries. In this context, decades of research have inves-
tigated the influence of physico-chemical parameters such
as temperature, pH and ionic strength on the aggregation
of attractive particles into colloidal gels [4–9]. While elec-
trostatic repulsion, van der Waals attraction and steric
interaction, combined in the well-known DLVO interpar-
ticle potential, generically lead to the formation of frac-
tal networks through diffusion- or reaction-limited cluster
aggregation, additional chemical effects such as hydra-
tion layers or particle bridging generate a wealth of more
complex gel microstructures [10]. In the quest of smart,
responsive materials, tuning the gel architecture in real-
time and reversibly is a key challenge. However, playing
on the above physico-chemical parameters turns out to
be difficult, if not impossible when the chemistry of the
material is strongly constrained. Electro- or magneto-
rheological materials allow for such tuning through the
use of electrical and magnetic fields [11–14]. Yet, appli-
cations are obviously restricted to materials with specific
compositions [15–17].
The exquisite sensitivity of colloidal gels to external
mechanical perturbations provides an alternative route
to interact with their microstructure [18–20]. The effects
of steady or low-frequency oscillatory flows on the gel net-
work have been commonly studied through combinations
of rheological measurements and structural characteriza-
tion, e.g., direct microscopic visualization or light, x-ray
or neutron scattering [21–25]. This resulted not only in
a better fundamental understanding of the complex in-
terplay between flow and gel structure but also in the
optimization of both manufacturing processes and final
product properties of an overwhelming number of colloid-
based materials [26–28]. In practice, however, applying a
mechanical stress in order to fluidize the gel at will and
in situ remains challenging as it involves moving parts
such as pumps, motors or other rotating tools that may
not be compatible with the application.
Here, we introduce ultrasound, i.e. high-frequency me-
chanical vibration, as a way to control the elastic modu-
lus and/or the yield stress of a colloidal gel. High-power
ultrasound has long been known to disrupt particulate
aggregates with applications to resuspension, filtration
and cleaning [29, 30], optimization of food products [31–
33] and drug delivery [34, 35]. Conversely, intense acous-
tic waves may induce gelation of some organic compounds
and colloidal systems [36, 37]. Yet, in spite of such empir-
ical know-how, no systematic study has been performed
2on the effect of ultrasound on colloidal gels and it remains
unclear how to distinguish between physico-chemical ef-
fects (e.g. chemical reactions triggered by cavitation and
local temperature rise) [38] and mechanical effects (e.g.
material deformation due to acoustic radiation pressure
or large-scale flow due to acoustic streaming) [39, 40].
Moreover, beside applications to material design, the in-
terplay between ultrasound and the complex structure
of colloidal gels raises a fundamental challenge due to
the large span of time- and length-scales involved in the
problem.
In the present work, we systematically quantify the me-
chanical response of three different colloidal gels to ultra-
sound based on rheological measurements in a parallel-
plate device where the fixed plate is made of an ultra-
sonic transducer (see Materials and Methods). Our first
important result is that the elastic modulus of a colloidal
gel may dramatically drop under application of ultra-
sound. As shown in Fig. 1, this softening effect increases
with acoustic pressure, up to drops in gel elasticity by
a factor of about five at the highest pressures, indica-
tive of ultrasound-induced collapse (see also Supplemen-
tary Fig. S1). The softening depends on the type of gel
both qualitatively and quantitatively. Although the cal-
cite gel in Fig. 1(a) has the largest elastic modulus at
rest, it is the most fragile system and therefore turns
out to be the most sensitive to ultrasound by showing a
rapid saturation of the relative softening amplitude with
the acoustic pressure [Fig. 1(d)]. By contrast, the silica
gel in Fig. 1(b) and the carbon black gel in Fig. 1(c),
which respectively show strong and weak physical ag-
ing at rest and yield strains larger than the calcite gel
(Supplementary Fig. S2), require that ultrasound reaches
some threshold amplitude in order to induce softening.
Remarkably, all gels recover most of their elasticity
over time after ultrasound is turned off. This suggests
that the effect of ultrasound on the colloid network is
essentially reversible. For the silica and carbon black gels,
some softening persists for large acoustic pressures while
the calcite gel shows the reverse trend with full recovery
for the largest pressures. Such a dependence with the gel
microstructure is not surprising since a complex interplay
between the ultrasonic vibration and the colloid network
is expected at the microscale. This issue is investigated
in more details below in the case of the carbon black gel.
Since one may also invoke surface effects, such as par-
tial detachment of the gel at the walls, to explain the
softening reported in Fig. 1, it is crucial to demonstrate
that ultrasound actually induces bulk modifications of the
gel microstructure. This is what we proceed to show in
Fig. 2 where time-resolved structural measurements are
performed as ultrasound is being applied to a 4-mm slab
of carbon black gel (see Materials and Methods). Ultra
small-angle x-ray scattering (USAXS) spectra measured
at about 1 mm from the vibrating plate reveal a strik-
ing effect of ultrasound characterized by a sharp steep-
ening of the intensity decrease at small magnitudes of
the scattering wave vector q [Fig. 2(a)]. Starting from
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FIG. 1. Ultrasound-induced softening of colloidal gels.
Elastic modulus G as a function of time t for (a) a 10 % vol.
calcite gel, (b) a 5 % vol. silica gel and (c) a 3 % vol. car-
bon black gel. Ultrasound with frequency 45 kHz is turned
on at time t = 0 and switched off at t = 30 s. Each curve
corresponds to a given acoustic intensity, with darker colors
corresponding to larger intensities. (d) Relative amplitude
of the softening effect ∆G/G0 as a function of the acoustic
pressure P for the calcite, silica and carbon black gels (from
top to bottom). ∆G = G0 − min(G) is the drop in elastic
modulus induced by ultrasound, with G0 = G(t = 0) the
initial value of the elastic modulus. The dotted lines empha-
size the threshold at Pc ≃ 50 kPa for the silica and carbon
black gels respectively through linear and quadratic behav-
iors in P − Pc. See Materials and Methods for details on the
experimental setup and protocol.
about 2.7, the power-law exponent df of the scattering
intensity reaches values as large as 3.5 under medium-
amplitude ultrasound (P = 64 kPa), before undershoot-
ing to df ≃ 2.3 and finally slowly relaxing to its initial
value once ultrasound is turned off [Fig. 2(b)]. Under
a much higher acoustic pressure (P = 240 kPa), series
of bursts with peak values df ≃ 3.5 are observed and
3the intensity spectrum does not fully recover its initial
shape at rest [Fig. 2(c)]. Meanwhile, USAXS spectra
for q & 10−2 nm−1 do not change significantly. This
means that ultrasound does not affect the gel structure
at length scales smaller than about 500 nm (see also Sup-
plementary Figs. S3 and S4 for a more detailed analysis
of the USAXS data). The above results not only allow
us to unambiguously identify the effects of ultrasound
as bulk effects, they also lead us to associate them with
a microscopic scenario. Indeed, the transition from an
exponent df ≃ 2.7 < 3 to df ≃ 3.5 > 3 at low q im-
plies that large-scale scattering arises from a system that
turns from a mass fractal at rest to a surface fractal un-
der ultrasound [41]. Therefore, as pictured in the bottom
panels of Fig. 2, the system gets fractured by ultrasound
into clusters larger than typically 1 µm and separated
by oil channels. This results in a drop of the gel elastic-
ity. These large clusters then coalesce into a mass-fractal
structure looser than the initial one (df ≃ 2.3). At large
acoustic pressures, the large temporal fluctuations and
the oscillations from surface to mass fractal hint at spa-
tial heterogeneity and possible large-scale flow. After ul-
trasound is turned off, the degree of structural recovery
depends on the acoustic pressure consistently with the
behaviour of the elastic modulus reported in Fig. 1(c).
In order to deepen our exploration of the interaction
between colloidal gels and ultrasound, we go back to the
rheo-ultrasonic setup used in Fig. 1 and address the ef-
fect of ultrasound on yielding, both through flow curve
measurements [Fig. 3(a)] and through creep experiments
[Fig. 4(a)] as described in the Materials and Methods sec-
tion. Remarkably, the dynamic yield stress of the calcite
gel measured by sweeping down the shear rate decreases
linearly by almost one order of magnitude over the ex-
plored range of acoustic pressures [Fig. 3(b)]. We also
note that the decreasing part of the flow curve between
γ˙ ≃ 0.5 and 5 s−1 progressively gives way to a mono-
tonically increasing branch, a feature which was also re-
ported in vibrated frictional grains [42] and linked to a
dynamical critical point at finite flow rate due to the com-
petition between flow-induced fluctuations and external
vibration [43]. Simultaneously to the drop in yield stress,
we observe a sharp increase of the shear-thinning index
n, inferred from the power-law behaviour σ ∼ γ˙n of the
shear stress vs shear rate in the upper part of the flow
curve [Fig. 3(c)]. Since the whole gel is fluidized at large
shear rates and potential surface effects become negligi-
ble, this dependence of n on P further confirms the bulk
nature of the effect of ultrasound. The very same trends
are obtained from static yield stress measurements where
the shear stress is swept up from the rest state (Supple-
mentary Fig. S5). We conclude that, as one increases the
acoustic energy injected into the material, ultrasound can
be used to turn a colloidal gel with a strong yield stress
behaviour (σy ≃ G0) into a more and more Newtonian
fluid (σy ≪ G0 and n→ 1).
In the experiments of Fig. 3, the flow curves could
be reasonably interpreted as steady states thanks to the
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FIG. 2. Structural measurements under ultrasound.
(a) Time-resolved USAXS intensity spectra I(q) recorded in
a 3 % vol. carbon black gel under ultrasound with frequency
20 kHz for two different acoustic pressures P = 64 kPa (light
colors) and P = 240 kPa (dark colors). Ultrasound is turned
on at t = 0 and switched off at t = 30 s. Three families
of spectra can be distinguished as a function of time before
(red), during (blue) and just after application of ultrasound
(green). The times at which the spectra are shown corre-
spond to the various colored symbols in (b,c). The black
dash-dotted curve is the form factor used for the data analy-
sis presented in the Supplementary Information. The dotted
line indicates the magnitude q of the scattering wave vector
that corresponds to 300 nm, the typical diameter of the car-
bon black particles. (b) Exponent df of the best power-law
fit I(q) ∼ q−df at low q as a function of time for P = 64 kPa.
The structure fully recovers after ultrasound is turned off [see
orange dot and corresponding spectrum in (a)]. (c) Same as
(b) for P = 240 kPa. The structure remains affected by ultra-
sound over at least one minute. Bottom panels: sketches of
the gel microstructure before (left), during (middle) and af-
ter application of ultrasound (right) as inferred from USAXS
data. The yellow circle highlights a carbon black particle of
diameter 300 nm (scale bar).
weak time-dependence of the calcite gel. However, when
made to flow, colloidal gels generically show strong time-
dependence, through e.g. thixotropy or rheopexy, due
to the competition between physical aging and shear-
induced rejuvenation [44, 45]. As an example, carbon
black gels are known to be prototypical of the so-called
“delayed yielding” phenomenon: when submitted to a
constant stress σ higher than, yet close to, the yield
stress, the presheared gel first consolidates through a
long-lasting creep regime before getting fluidized after
a time τf that follows an exponential decrease with the
applied stress, τf = τ0 exp(−σ/σ0), characteristic of acti-
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FIG. 3. Flow properties under ultrasound. (a) Flow
curves, shear stress σ vs shear rate γ˙, measured in a 10 % vol.
calcite gel for different ultrasound intensities (increasing from
top to bottom, see color code in right panel). The ultrasound
frequency is 45 kHz. The shear stress is normalized by the
elastic modulus G0 measured at rest. (b) Normalized yield
stress σy/G0 and (c) shear-thinning exponent n as a function
of the acoustic pressure P . Dotted lines in (b) and (c) re-
spectively show the best linear and parabolic fits of the data.
The vertical arrow in (a) points to the decreasing region of
the flow curve at low P .
vated processes [46–49]. Figure 4 summarizes the effect
of ultrasound on such delayed fluidization. First, for a
given applied stress, ultrasound is seen to accelerate flu-
idization by a factor of about ten at the highest achiev-
able acoustic pressure [Fig. 4(a)]. Varying the applied
stress for a fixed acoustic pressure P [Fig. 4(b)], we re-
cover the classical exponential behaviour for τf vs σ, yet
with parameters σ0 and τ0 that strongly depend on P
[Fig. 4(c,d)]. Mean-field approaches of delayed yielding
predict that (i) σ0 = ρ0kBT/δ, where ρ0 is the initial area
density of strands, kB the Boltzmann constant, T the
temperature and δ the range of the interaction potential
and (ii) τ0 ∼ exp(EA/kBT ) where EA is the depth of the
potential well [50]. Since ultrasound is unlikely to affect
ρ0, δ or EA, a way to interpret our results is to invoke an
effective temperature Teff ∝ σ0 associated with the vibra-
tional ultrasonic energy, as commonly done for agitated
granular materials [51–53]. The remarkable Arrhenius-
like scaling of τ0 with σ0 demonstrated in Fig. 4(e) further
allows us to collapse all the fluidization time data onto a
single exponential master curve in Fig. 4(f) and to extract
an estimate of the interaction energy EA ≃ 20.8 kBT that
is consistent with previous work [6, 54, 55] (see discussion
in the Supplementary Information). This fully confirms
that the characteristic stress σ0 measures the effective
temperature of the system, which increases by a factor
of about 4 over the range of acoustic intensities explored
here.
To summarize, our comprehensive experimental study
shows that ultrasound strongly impacts the mechanical
and flow properties of colloidal gels such as calcite, sil-
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FIG. 4. Ultrasound-assisted fluidization. (a) Shear rate
responses γ˙(t) measured in a 3 % vol. carbon black gel for
different acoustic intensities (increasing from right to left, see
color code in right panel) after a constant shear stress σ =
22 Pa is applied following preshear. The ultrasound frequency
is 45 kHz. Following a creep period, the gel starts to flow
within a well-defined fluidization time τf (see black ×) that
sharply decreases with the acoustic intensity. (b) Fluidization
time τf as a function of the applied stress σ under different
acoustic intensities (increasing from top to bottom). Colored
solid lines are the best exponential fits, τf = τ0 exp(−σ/σ0),
for a given acoustic intensity. The vertical dotted line shows
the shear stress σ = 22 Pa used in (a). (c) Characteristic
stress σ0 and (d) time τ0 extracted from exponential fits of
τf(σ) as a function of the acoustic pressure P . Dotted lines
are polynomial fits to guide to the eye. (e) τ0 as a function
of 1/σ0 in semilogarithmic scales. The solid line is the best
exponential fit τ0 = τ˜ exp(σ˜/σ0) with τ˜ = 57.1 s and σ˜ =
24.9 Pa. (f) Master curve for fluidization times τf/τ˜ as a
function of (σ˜ − σ)/σ0. The black line is the exponential
function y = exp(x).
ica or carbon black gels: ultrasound transiently soft-
ens these fragile materials and facilitates their flow. We
have quantified these effects thanks to setups that cou-
ple a built-in ultrasonic transducer to rheology and US-
AXS measurements. These effects are robust and per-
sist through changes in the ultrasound frequency (Sup-
plementary Figs. S6 and S7) and in the cell geometry
(Supplementary Fig. S8). Therefore, they should swiftly
become key to applications in flow enhancement, un-
clogging, extrusion or 3D-printing based on acoustically-
5tunable colloid-based materials. The present results also
entail a number of new fundamental questions, mainly
about the interaction mechanism between colloidal gels
and ultrasound, that could further pave the way for fu-
ture theoretical and numerical work.
First, a few ultrasound–gel interaction mechanisms can
be disregarded. Indeed, at the rather low acoustic pow-
ers involved in our study (P . 2 Wcm−2), cavitation
bubbles are very unlikely to occur [56], especially in the
oil-based carbon black gel, and any influence of sono-
chemistry can be excluded [33]. The acoustic wave-
length (3–60 mm) being always several orders of mag-
nitude larger than the microstructure characteristic sizes
(20 nm–1 µm), radiation pressure through scattering of
ultrasound by colloidal clusters may also be neglected
[39]. Second, Supplemental Fig. S6 suggests that the
effects of ultrasound could be controlled by the acoustic
pressure amplitude P , or equivalently by the velocity am-
plitude v = P/ρc (where ρ is the gel density and c the
speed of sound). This is reminiscent of the rate-controlled
tuning of shear thickening reported recently in dense sus-
pensions through superposition of an oscillatory flow with
frequency up to 500 Hz to steady shear [57]. Similarly,
friction and liquefaction in both dry and wet granular
materials under low-frequency mechanical vibrations ap-
pear to be driven by v [58, 59], which has been interpreted
in terms of consolidated vs mobile states depending on
whether or not grains are in contact through force chains
[60]. For colloidal gel networks, however, the correspond-
ing microscopic scenario remains to be uncovered.
Finally, an alternative explanation could lie in the
strain induced by ultrasound, γUS ∼ Ra/2d
2 (with R the
radius of the parallel-plate geometry, d the gap width
and a the acoustic displacement amplitude). At a fre-
quency of 45 kHz, a reaches 0.5 µm for the highest acous-
tic intensities. This corresponds to γUS ≃ 0.4 %, which
is comparable to the onset of nonlinear viscoelasticity
(γ = 0.1–1%) and not far below the yield strain of the
gels (γ = 1–10%) obtained from standard rheology as
displayed in Supplementary Fig. S2. Repetitively apply-
ing the strain γUS at high frequency could induce fa-
tigue in the gel and therefore its softening or even its
fluidization. Such a comparison with the low-frequency
response remains hypothetical as it is not clear how rhe-
ological observables such as the elastic modulus or the
yield stress extrapolate to the ultrasound frequency do-
main. Still, USAXS measurements unambiguously re-
veal that the gel network gets fractured by ultrasound.
Our fluidization results also strongly suggest that some of
the mechanical effects observed here can be rationalized
through an effective temperature. We believe that recent
simulation methods developed for colloidal gels [61–64],
once adapted to account for ultrasonic excitation, will
certainly bring valuable insights into the local impact of
ultrasound on the gel microstructure and its relationship
with the global mechanical response.
MATERIALS AND METHODS
Colloidal gels
We focus on three different colloidal suspensions re-
spectively made of calcite, silica and carbon black parti-
cles. All systems aggregate into space-spanning networks
thanks to attractive interparticle forces. However, the
resulting gels present different mechanical properties de-
pending on the details of the interactions, as illustrated
in Supplementary Fig. S2.
Calcite is the most stable polymorph of calcium
carbonate (CaCO3). Calcite powder (Socal 31 from
Solvay, average particle diameter of 60 nm, density of
2710 kgm−3) is suspended in water at a volume fraction
of 10 %. The suspension is homogenized following the
protocol described in Ref. [65] and spontaneously gels
within a few minutes at pH ≃ 8.8. The resulting net-
work shows little aging over time yet great sensitivity to
shear. A mild preshear is applied for 10 s at 10 s−1 prior
to any measurement. After a rest period of 60 s, the
elastic modulus at rest reaches a steady value of about
20 kPa.
Silica particles (SiO2, Ludox TM 50 from Sigma, aver-
age particle diameter of 22 nm, density of 2350 kgm−3)
are made to aggregate at pH ≃ 9 by mixing equal vol-
umes of the 50 % vol. stock Ludox solution and a concen-
trated NaCl solution to a final salt concentration of 2 M
and final solid volume fraction of 5 % as described in [66].
Screening of the electrostatic repulsion leads to fast gel
formation through attractive van der Waals forces and
interparticle siloxane bonds [67, 68]. Such a gel shows
pronounced physical aging over time [69]. Here, we min-
imize the effect of aging thanks to a strong preshear at
500 s−1 applied for 120 s that partially erases the previ-
ous history. The gel is then left to rest for 300 s, after
which the elastic modulus reaches about 500 Pa. As seen
in Supplementary Fig. S1(b), the systematic increase of
the elastic modulus with successive experiments indicates
that preshear does not allow for full rejuvenation of the
sample.
Carbon black particles (Cabot Vulcan XC72R, density
of 1800 kgm−3) are fractal aggregates of radius of gyra-
tion 100–200 nm and made of fused primary particles of
typical diameter 20 nm [70]. When dispersed in a min-
eral oil (density 838 kgm−3, viscosity 20 mPa s, Sigma
Aldrich), they aggregate via van der Waals attraction
[71] and form gels that show weak aging over time yet
strong time-dependence under shear, including rheopexy
[48], delayed yielding [46, 49] and fatigue [72]. It was also
shown that the preshear history can be used to tune the
initial microstructure of carbon black gels [48, 73, 74].
Here, we focus on a dispersion of carbon black parti-
cles at a volume fraction of 3 % (weight fraction of 6 %
w/w). Due to the fractal nature of the particles, this cor-
responds to an effective volume fraction of about 20 %
[55]. The preshear protocol is made of two successive
steps of 200 s each, a first step at −1000 s−1 in the “re-
6verse” direction followed by one step at +1000 s−1 in the
“positive” direction that defines the direction of positive
strains and stresses. After preshear, the dispersion re-
covers an elastic modulus of typically 1 kPa within a few
seconds.
Mechanical measurements under ultrasound
Setup. The mechanical effects of ultrasound on col-
loidal gels are investigated thanks to a rotational rheome-
ter (Anton Paar MCR 301) equipped with a parallel-
plate geometry where the upper plate is made of sand-
blasted Plexiglas. The bottom plate is constituted of
a piezoelectric transducer working either at frequency
f = 45 kHz (Sofranel, diameter of 29 mm) or 500 kHz
(Imasonic, diameter of 50 mm). The piezoelectric trans-
ducer is fed with an oscillating voltage of amplitude up
to 90 V through a broadband power amplifier (Amplifier
Research 75A250A) driven by a function generator (Ag-
ilent 33522A). A thermocouple (National Instruments
USB-TC01) monitors the temperature at the surface of
the transducer. A solvent trap covers the geometry in
order to minimize evaporation. The gap width is set
to 1 mm for all experiments except in Supplementary
Fig. S8 where the influence of the gap width is tested.
Protocols. After the preshear protocol described
above for each gel, the elastic modulus is monitored
during 300 s through small-amplitude oscillatory strain
(SAOS) of amplitude 0.06 % and frequency 1 Hz. This
allows us to define the “initial” elastic modulus G0 prior
to application of ultrasound.
In Fig. 1, ultrasound is then applied for 30 s while
measuring the elastic modulus with the same SAOS pro-
tocol as before (see also Supplementary Fig. S1). Once
ultrasound is turned off, SAOS is continued for at least
170 s to monitor the recovery. For the flow curve mea-
surements shown in Fig. 3, ultrasound is applied while
the shear rate is logarithmically swept down from 300 to
0.03 s−1 within 80 s. For Supplementary Fig. S5, the
shear stress is linearly swept up from 0 to 50 Pa in 60 s.
Finally, for the creep experiments of Fig. 4, both the tar-
get shear stress σ and ultrasound are applied just after
preshear. Following Refs. [47, 49], the fluidization time
τf is defined as the last inflexion point of the shear rate
response γ˙(t).
In all cases, the preshear protocol is repeated between
successive tests at different acoustic intensities. The dis-
placement of the transducer surface always remains much
smaller than the gap size. At the highest achievable
acoustic intensity, its amplitude a reaches 0.5 µm for the
45-kHz transducer (as calibrated with a laser vibrometer,
Polytec OVF-505) and up to 0.03 µm for the 500-kHz
transducer (as derived from the manufacturer calibra-
tion). Rather than in terms of displacement, the acoustic
amplitude is usually reported in terms of the velocity v or
pressure P = ρcv = ρcωa, where ρ is the gel density, c is
the speed of sound in the gel and ω = 2pif is the angular
frequency. In our experiments, P ranges up to 150 kPa
for both transducers. This corresponds to a maximum
acoustic power of about P = P 2/ρc ≃ 1.5 Wcm−2. We
measured that after one minute under ultrasound, the
temperature of the transducer surface (and thus of the
sample) increases by less than 0.1◦C for P < 80 kPa, by
about 0.2 to 1◦C for 80 < P < 130 kPa and by up to
4◦C for P > 130 kPa. For fluidization experiments in
the carbon black gel, which require to apply ultrasound
for much longer times, T increases by 2 to 10◦C and the
system is left to relax for one hour after sonication in
order for the temperature to go back to its initial value.
It is checked in Supplementary Fig. S9 that temperature
changes cannot be invoked to explain the softening of
colloidal gels observed under ultrasound.
Microstructural measurements under ultrasound
Setup. Our setup for time-resolved USAXS measure-
ments under ultrasound is described in full details in
Ref. [56]. Briefly, a titanium vibrating blade of width
2 mm connected to a piezoelectric transducer working at
20 kHz (SODEVA TDS, France) is immersed in a channel
of width 4 mm, depth 8 mm and length 100 mm. Origi-
nally designed for cross-flow ultrafiltration, this setup is
used here in the absence of any flow except that used
for filling and preshearing the sample. USAXS measure-
ments are carried out with the TRUSAXS instrument at
the ID02 High Brilliance beamline of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France)
[75]. The incident x-ray beam of wavelength 0.1 nm is
collimated to a vertical size of 80 µm and a horizontal
size of 150 µm. A sample-to-detector distance of 31 m
is used and provides access to scattering magnitudes q
of the scattering wave vector from 0.0008 to 0.155 nm−1.
USAXS measurements are performed on the carbon black
gel at a distance of 1 mm from the vibrating blade
through a small window of thickness 0.3 mm machined
in the polycarbonate channel wall. The background scat-
tering from the channel filled with the mineral oil used in
the carbon black gel is systematically subtracted to the
two-dimensional scattering patterns. The resulting scat-
tering intensity is isotropic so that only radially-average
I(q) are presented. Similar measurements on calcite and
silica gels were not possible due to multiple scattering by
the 4-mm thick samples.
Protocol. The feed channel is filled with the gel un-
der study thanks to a syringe pump (Harvard Apparatus
PHD 4400). The gel is then presheared by pumping a
volume of 10 mL at a flow rate of 20 mLmin−1 in both
directions. Assuming a Poiseuille flow, this corresponds
to a wall shear rate of about 8 s−1 applied for 60 s. After
a rest time of 180 s, ultrasound is applied for 30 s with a
pressure amplitude ranging from 20 to 240 kPa. USAXS
spectra are recorded every second during 100 s starting
20 s prior to application of ultrasound. Thus, these mea-
surements provide insights into the microstructure under
7ultrasound for acoustic powers similar to those of previ-
ous rheo-ultrasonic experiments.
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Ultrasound-induced softening: full data set
Supplementary Fig. S1 shows the viscoelastic moduli normalized by the elastic modulus G0 measured just before
ultrasound is turned on. The elastic (viscous resp.) modulus is plotted in solid lines (dashed lines resp.) for all
available acoustic intensities and for the three colloidal gels under study in Fig. 1 in the main text. The right panels
show that the initial modulus G0 only displays a clear increasing trend with successive experiments for the silica gel,
i.e. for the system with the most pronounced aging effects. The last two measurements on the calcite gel [black
curves in Supplementary Fig. S1(a)] may have been affected by evaporation. Remarkably, the viscous modulus never
exceeds the elastic modulus for all systems, even transiently. This means that although the gels display a spectacular
softening, they remain solidlike and never reach a fully fluidized state under ultrasound at the acoustic intensities
explored here for a frequency of 45 kHz.
Nonlinear viscoelasticity of the three colloidal gels
The onset of nonlinear viscoelasticity is probed in Supplementary Fig. S2 by submitting the three colloidal gels to
oscillatory shear with a fixed frequency of 1 Hz and an amplitude that increases from about 0.01 % to 100 %. Both
the elastic modulus G′ and the viscous modulus G′′ first remain independent of the oscillatory strain amplitude γ,
which corresponds to linear response. We consider that the linear regime ends when the elastic modulus becomes
smaller than 90 % of its value in the linear regime (see dotted lines) and that the yield point is reached when G′ = G′′
(see dashed lines). In the calcite gel, the linear regime extends only up to strain amplitudes of about 0.1 % and the
yield strain is about 1.5 % [Supplementary Fig. S2(a)]. This behaviour was classified as that of a fragile gel in the
“strong link” regime [65, 76]. The linear regime of the silica gel extends up to γ ≃ 0.6 % and the gel yields at a
strain of about 4.5 % [Supplementary Fig. S2(b)]. Similarly, the response of the carbon black gel remains linear up
to γ ≃ 0.8 % and yields at about 5 % [Supplementary Fig. S2(c)]. Therefore, in spite of a larger elastic modulus, the
calcite gel is significantly more fragile than both the silica and the carbon black gels.
Analysis of USAXS measurements
In order to go beyond the simple power-law description of the intensity spectra I(q) proposed in the main text,
we model the USAXS data obtained on the 3 % vol. carbon black gel with the Beaucage model [77]. Originally
designed for polymeric mass fractals [78, 79], this model uses a “unified” function that interpolates between a Guinier
regime at low q and a power-law Porod scaling at large q. The crossover between the two regimes is controlled by a
characteristic length scale Rg. In order to account for successive structural levels covering different ranges of scales,
experimental data are often fitted to sums of such unified functions. Here, we describe our USAXS spectra by using
two structural levels as contained in the following equation:
I(q) = G1 exp
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3
)
+B1 exp
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3
)
q⋆1
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and i = 1 and i = 2 respectively correspond to the large-scale and to the small-scale level, i.e. Rg,1 ≫ Rg,2.
2We first fix the small-scale level by fitting the high-q range of the time-averaged spectrum measured in the absence
of ultrasound by a single unified function: I2(q) = G2 exp(−q
2R2g,2/3) + B2q
⋆
2
p2 . We find that Rg,2 = 150 nm,
p2 = −2.9, G2 = 4.5 10
4 cm−1 and B2 = 0.128 cm−1 provide a very good description of I(q) for q > 10−2 nm−1 [see
black dash-dotted curves in Supplementary Figs. S3(a) and S4(a)]. The characteristic size of 150 nm is fully consistent
with both the radius of gyration (177 nm) and the hydrodynamic radius (135 nm) reported recently for the same
carbon black particles based on neutron and light scattering [70]. The exponent −2.9 also agrees well with the fractal
dimension of 2.7 measured on these particles by the same authors. It is observed in Supplementary Figs. S3(a) and
S4(a) that the high-q region of the USAXS spectra remains unaffected by ultrasound whatever the acoustic pressure
P . This means that ultrasound does not modify the structure at the scale of the carbon black particles, which is
consistent with the fact that these particles are themselves unbreakable aggregates of permanently fused primary
particles of typical diameter 20 nm. Thus, the small-scale level I2(q) can be taken as the form factor of the carbon
black particles and remains unchanged throughout all experiments.
Ultrasound, however, has a strong impact on the larger scales (q < 10−2 nm−1). To quantify this impact, we fit
the USAXS spectra for q > 10−3 nm−1 to Eq. (1) where Rg,2, p2, G2 and B2 are fixed to the previous values and
Rg,1, p1, G1 and B1 are taken as free fitting parameters. Fit results are shown with dotted lines in Supplementary
Figs. S3(a) and S4(a) for a few spectra representative of the time-resolved USAXS data before (red), during (blue)
and just after sonication (green). The full set of fitting parameters are shown as a function of time in the right panels
of Supplementary Figs. S3 and S4. For both ultrasonic pressures under investigation, the evolution of the exponent
−p1 is found to be nicely consistent with the power-law exponent df [compare black and grey bullets in Supplementary
Figs. S3(b) and S4(b)].
For the lower acoustic intensity (P = 64 kPa, see Supplementary Fig. S3 and Supplementary Movie 1), all fitting
parameters show a strong peak upon turning on ultrasound. This peak coincides with that observed in the viscous
modulus concomitantly with the strong decrease of the elastic modulus in Supplementary Fig. S1(c). The fits with
the two-level Beaucage model show that this peak is associated with a transient increase in the low-q scattering
that turns from that of a mass fractal (−p1 < 3) to that of a surface fractal (−p1 > 3) with a fractal dimension
6 + p1 ≃ 2.5 [41]. Since low enough q values are not accessible to the present USAXS measurements, the crossover to
the Guinier regime is not fully observed so that the characteristic size Rg,1 can only be taken as a rough estimate of
the maximum cluster size under ultrasound. Still, the time evolution reported here points to the scenario illustrated in
the sketches of Fig. 2 in the main text, where the initial microstructure, made of a percolated network of micronsized
fractal aggregates of carbon black particles, transiently breaks up into a loose assembly of aggregates with size of
several micrometers separated by patches of solvent. After this initial break-up, the microstructure heals back to a
space-spanning network yet with lower fractal dimension. Once ultrasound is turned off, the system further relaxes
until it fully recovers its initial microstructure over the course of about one minute [compare red and orange spectra
in Supplementary Fig. S3(a)].
For the larger acoustic intensity (P = 240 kPa, see Supplementary Fig. S4 and Supplementary Movie 2), the
temporal response consists of a series of peaks where the spectra change from mass fractal to surface fractal with fit
parameters similar to those observed within the single peak measured at the lower intensity. This suggests that the
microstructure constantly changes from a space-spanning network of clusters to mostly isolated, larger clusters. At
this stage, it is not clear whether this unsteadiness results from a global evolution of the whole sample or from more
local effects. Indeed the spectra are averaged over the size of the x-ray beam (80 µm×150 µm) so that the strong
fluctuations in the USAXS data could be caused by large-scale motion of carbon black clusters entering and leaving
the beam. Moreover, the pressure amplitude investigated here in the USAXS setup is above the range of pressures
that can be achieved with the rheometer setup, which makes it difficult to directly compare the USAXS data with
the evolution of global features such as the elastic moduli. Once ultrasound is stopped, the characteristic radius Rg,1
goes back to its initial value within experimental uncertainty but the Porod contribution B1 to the low-q structural
level remains significantly larger than the initial one, with an exponent ranging between 2 and 2.5 indicative of a
microstructure looser than before application of ultrasound.
Flow properties under ultrasound: complementary flow curve measurements
To complement the flow curve measurements of Fig. 3 that characterized the dynamic yield stress in the main
text, Supplementary Fig. S5 shows the results of increasing stress ramps in the calcite gel. This protocol allows us
to define the static yield stress as the stress at which the shear rate suddenly jumps from a vanishingly small value
(γ˙ < 10−3 s−1) to a finite value (γ˙ > 0.3 s−1). Error bars on the static yield stress are estimated by taking the standard
deviation of the stress measured over the plateau that separates those shear rate values. As for the dynamic yield
stress, the static σy/G0 decreases linearly with the acoustic pressure P [Supplementary Fig. S5(b)]. Interestingly, the
normalized static yield stress remains more than two times larger than its dynamic counterpart as long as P . 70 kPa
3while the two yield stresses become indistinguishable at larger acoustic pressures. For P & 70 kPa, all flow curves
are monotonically increasing and the shear-thinning index n strongly increases with P [Supplementary Fig. S5(c)] as
already reported in the main text in Fig. 3(c). Here, error bars on n correspond to the dispersion obtained on the
exponent of power-law fits at high shear rate by varying the fitting interval.
Below the transition at P ≃ 70 kPa, the flow curve displays a decreasing part under an imposed shear rate [Fig. 3(a)
in the main text] and a true stress plateau under an imposed stress [Supplementary Fig. S5(a)]. These two features are
characteristic of attractive systems where flow competes with restructuring dynamics, leading to mechanical instability
[3]. On the other hand, flow curves that increase monotonically above the yield point are typical of repulsive soft
glassy materials. Therefore, we may conclude that for the present calcite gel, ultrasound induces a transition from an
attraction-dominated system to a repulsive-like yield stress fluid with weaker and weaker shear-thinning properties as
the acoustic intensity is increased.
Ultrasound-assisted fluidization: accounting for ultrasound through an effective temperature
In the main text, the master curve in Fig. 4(f) shows that, for the carbon black gel involved in the present study,
the fluidization time τf under a stress σ and an acoustic pressure P can be written as:
τf(σ, P ) = τ˜ exp
(
σ˜ − σ
σ0(P )
)
, (3)
where σ0(P ) is displayed in Fig. 4(c) and the parameters τ˜ = 57.1 s and σ˜ = 24.9 Pa are inferred from Fig. 4(e). We
introduce the effective temperature defined as:
Teff(P ) =
σ0(P )
σ0(0)
T , (4)
such that the effective temperature coincides with the thermodynamic temperature in the absence of ultrasound, i.e.
for P = 0. This allows us to recast Eq. (3) in terms of Teff and T as:
τf(σ, P ) = τ˜ exp
(
(σ˜ − σ)T
σ0(0)Teff(P )
)
. (5)
In its simplest form, the mean-field model introduced in Refs. [47, 50] predicts a fluidization time:
τmf (σ) =
1
ω0Cσ
exp
(
EA
kBT
− Cσ
)
, (6)
where ω0 is the attempt frequency for bond dissociation, C = δ/(ρ0kBT ) and, as defined in the main text, ρ0 is the
initial area density of particles, δ the range of the interaction potential and EA the depth of the potential well. Note
that Eq. (6) assumes that gel “strands” are constituted of only n = 1 colloid, which appears as a reasonable assumption
for fractal particles as carbon black at a rather low volume fraction of 3 %. C thus corresponds to the inverse of the
characteristic stress σ0 in the absence of ultrasound. Assuming that the effect of ultrasound with amplitude P can be
captured through an effective temperature Teff(P ) and neglecting the logarithmic correction 1/Cσ, we may rewrite
the model prediction in the presence of ultrasound as:
τmf (σ, P ) = τ˜
m exp
(
EA
kBTeff(P )
−
δσ
ρ0kBTeff(P )
)
. (7)
Identification of Eq. (5) and Eq. (7) for any σ and P leads to:
EA
kBT
=
σ˜
σ0(0)
. (8)
With the experimentally-measured σ0(0) = 1.2 Pa, Eq. (8) yields EA ≃ 20.8 kBT . This estimate of the interaction
energy nicely falls into the range of values previously published for carbon black, typically 10–30 kBT , depending on
the solvent and on the presence of dispersant [6, 54, 55].
4Influence of the ultrasound frequency
Supplementary Fig. S6 shows that for the same pressure amplitude P , the effects of ultrasound on the elastic
modulus of the calcite gel almost superimpose at 45 kHz and at 500 kHz [Supplementary Fig. S6(a)]. In particular,
the relative softening amplitudes ∆G/G0 follow the same evolution and even coincide to within experimental dispersion
for P > 70 kPa [Supplementary Fig. S6(b)]. Therefore, a ten-fold increase in the ultrasound frequency does not affect
the softening effect.
The same conclusion is reached for ultrasound-assisted fluidization. Supplementary Fig. S7 shows delayed yielding
experiments on the carbon black gel under ultrasound with frequency 500 kHz. As already observed in the main text
in Fig. 4 for an ultrasonic frequency of 45 kHz, ultrasound strongly accelerates delayed yielding and stress-induced
fluidization. Technical limitations of the 500-kHz transducer, which cannot be used continuously for more than one
minute at the highest intensities, do not allow for a quantitative comparison. Still, the effects of ultrasound on the
fluidization time are very similar for both frequencies.
Influence of the geometry gap
All data presented in the main text were obtained with the same gap size of 1 mm separating the ultrasonic
transducer and the upper plate attached to the rheometer. Supplementary Fig. S8 explores the softening effect
discussed in Fig. 1 as a function of the gap size in the carbon black gel under ultrasound at 500 kHz. While gaps of
widths 0.5 and 1 mm yield very similar values of ∆G/G0, the softening is about two times weaker in gaps of widths
1.5, 2 and 3 mm. Such a difference could be due to variations in the structure of the ultrasonic field within the parallel-
plate device, depending on reflections on the upper plates and on interference conditions at the transducer surface.
Indeed, the wavelength at 500 kHz in carbon black is about 3 mm, which is comparable to the larger gap sizes. A more
thorough investigation of the effects of the geometry is left for future work. Overall, however, ultrasound-induced
softening is robustly observed for all gaps under study.
Influence of a temperature ramp
At the highest achievable acoustic powers, the ultrasonic transducers used in this study dissipate a significant
amount of heat. In order to check for the influence of such heating on the gel elastic modulus, the carbon black
gel was submitted to a temperature ramp in a parallel-plate geometry thanks to the standard bottom plate of the
rheometer equipped with a Peltier element. The parameters of the two temperature ramps shown in Supplementary
Fig. S9(a) are chosen so that they mimic the temperature increases induced by ultrasound during 30 s, respectively
at high intensities (1◦Cmin−1 i.e. P ≃ 100 kPa) and very high intensities (4◦Cmin−1 i.e. P ≃ 150 kPa). For the
slowest ramp, the elastic modulus decreases by less than 1 % [see light blue solid curve in Supplementary Fig. S9(b)].
For the fastest ramp, the evolution of G/G0 is more complex, most probably due to the dilation of the bottom plate,
but the effect on the elastic modulus is at most 4 %, well below the softening amplitudes of 40%–90 % reported under
ultrasound at the highest acoustic intensities. This allows us to rule out any significant effect of the heating due to
dissipation within the ultrasonic transducers on ultrasound-induced softening.
SUPPLEMENTARY MOVIES
Supplementary Movies 1 and 2 show animations of time-resolved USAXS measurements on a 3 % vol. carbon black
gel under ultrasound with frequency 20 kHz and for acoustic pressures P = 64 kPa and P = 240 kPa respectively.
The data correspond to those analyzed in Fig. 2 in the main text and in Supplementary Fig. S3 and S4. The top
panel shows the USAXS intensity spectra I(q) as a function of time. The bottom panel displays the time evolution
of the exponent df obtained from a power-law fit of I(q) at low q [same data as in Fig. 2(b) and (c) in the main text].
Ultrasound is turned on at t = 0 and switched off at t = 30 s. The black dash-dotted curve corresponds to the form
factor I2(q) discussed above. The red dashed line shows the initial spectrum prior to application of ultrasound. The
current measurement is drawn in red, blue or green when recorded respectively before, during or after application of
ultrasound.
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FIG. S1. Elastic modulus (thick solid lines) and viscous modulus (thin dashed lines) normalized by the elastic modulus G0
measured just before ultrasound is turned on and plotted as a function of time t for (a) a 10 % vol. calcite gel, (b) a 5 % vol.
silica gel and (c) a 3 % vol. carbon black gel. Ultrasound with frequency 45 kHz is turned on at time t = 0 and switched off
at t = 30 s. Each curve corresponds to a given acoustic intensity, with darker colors corresponding to larger intensities [see
color code in Fig. 1(d) in the main text]. The right panels show the initial values G0 of the elastic modulus measured for the
successive experiments performed under different acoustic intensities and used for normalization in the left panels.
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FIG. S2. Elastic modulus G′ (filled symbols) and viscous modulus G′′ (open symbols) as a function of strain amplitude γ for
(a) a 10 % vol. calcite gel, (b) a 5 % vol. silica gel and (c) a 3 % vol. carbon black gel. After the preshear and rest protocol
described for each system in the Materials and Methods section, the strain amplitude γ is logarithmically swept up with 10
steps per decade and 10 s per point. The frequency of the oscillatory strain is 1 Hz. The dotted lines show the strain at which
the elastic modulus falls below 90 % of its value in the linear regime and which we take as the lower limit of the nonlinear
regime. The dashed lines show the yield strain defined as the point where G′ and G′′ cross each other. Experiments conducted
in a parallel-plate geometry of gap 1 mm. The upper plate is sandblasted in (a) and covered with sandpaper in (b,c).
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FIG. S3. (a) Time-resolved USAXS intensity spectra I(q) recorded in a 3 % vol. carbon black gel under ultrasound with
frequency 20 kHz for P = 64 kPa. Ultrasound is turned on at t = 0 and switched off at t = 30 s. The times at which the
spectra are shown correspond to the various colored symbols in (b,c,d). The inset shows the same data in a Kratky plot, i.e.
by plotting q2I(q) vs q. The solid lines are the experimental spectra while the dotted curves are the fits with the two-level
Beaucage model given by Eq. (1). The black dash-dotted curve corresponds to the form factor I2(q) discussed in the text. The
four free parameters of fits to Eq. (1) are: (b) the exponent −p1, (c) the characteristic size Rg,1 and (d) the prefactors G1 and
B1. In (b), the fit results for −p1 (in black) are compared to the power-law exponents df at low q (in grey) replotted from
Fig. 2(b) in the main text. See also Supplementary Movie 1.
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FIG. S4. (a) Time-resolved USAXS intensity spectra I(q) recorded in a 3 % vol. carbon black gel under ultrasound with
frequency 20 kHz for P = 240 kPa. Ultrasound is turned on at t = 0 and switched off at t = 30 s. The times at which the
spectra are shown correspond to the various colored symbols in (b,c,d). The inset shows the same data in a Kratky plot, i.e.
by plotting q2I(q) vs q. The solid lines are the experimental spectra while the dotted curves are the fits with the two-level
Beaucage model given by Eq. (1). The black dash-dotted curve corresponds to the form factor I2(q) discussed in the text. The
four free parameters of fits to Eq. (1) are: (b) the exponent −p1, (c) the characteristic size Rg,1 and (d) the prefactors G1 and
B1. In (b), the fit results for −p1 (in black) are compared to the power-law exponents df at low q (in grey) replotted from
Fig. 2(c) in the main text. See also Supplementary Movie 2.
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FIG. S5. (a) Flow curves, shear stress σ vs shear rate γ˙, measured in a 10 % vol. calcite gel for different ultrasound intensities
(increasing from top to bottom, see color code in right panel). The ultrasound frequency 45 kHz. The shear stress is normalized
by the elastic modulus G0 measured at rest. (b) Normalized yield stress σy/G0 and (c) shear-thinning exponent n as a function
of the acoustic pressure P . In (b) and (c) the results obtained from the flow curves shown in (a) and measured by sweeping
up the shear stress are plotted with filled symbols and compared to the results of Fig. 3(b) and (c) in the main text (open
symbols) obtained from downward sweeps of the shear rate as described in the Materials and Methods section.
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FIG. S6. (a) Elastic modulus G as a function of time t for a 10 % vol. calcite gel. Ultrasound is applied at t = 0 for a duration
TUS with a frequency of 45 kHz (brown curve, TUS = 30 s, P = 113 kPa) and 500 kHz (red curve, TUS = 20 s, P = 115 kPa)
at about the same acoustic pressure P . The elastic modulus is normalized by its value G0 measured just before ultrasound is
turned on and time is normalized by TUS. (b) Relative amplitude of the softening effect ∆G/G0 as a function of P at 45 kHz
(brown bullets) and 500 kHz (red triangles). The upper plate is covered with sandpaper. Experiments at 45 kHz were repeated
three times for P ≥ 112 kPa in order to check for reproducibility.
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FIG. S7. Shear rate responses γ˙(t) measured in a 3 % vol. carbon black gel under a constant shear stress σ = 22 Pa. The
two lower curves (in green) are obtained in the absence of ultrasound, respectively before and after the two upper curves, in
order to illustrate reproducibility. The two blue curves are measured under ultrasound with frequency 500 kHz and pressure
amplitude P = 55 kPa (middle curve) and P = 108 kPa (top curve). In order to avoid damaging the transducer, ultrasound is
turned on for only 200 s and 120 s respectively. The upper plate is sandblasted and the gap size is 0.5 mm.
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FIG. S8. Relative amplitude of the softening effect ∆G/G0 as a function of P in a 3 % vol. carbon black gel for different gap
sizes as indicated in the legend. The upper plate is sandblasted and the ultrasound frequency is 500 kHz.
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FIG. S9. (a) Temperature T imposed to a 3 % vol. carbon black gel as a function of time t for two different ramps: starting
from T = 25◦C, the temperature is increased linearly by 0.5◦C (solid line) or by 2◦C (dotted line) within 30 s. T is then
decreased back to 25◦C over 180 s. (b) Elastic modulus G normalized by its value G0 measured at the start of the temperature
increase and plotted as a function of time during the ramps shown in (a) using corresponding lines and colors. Experiments
conducted in a parallel-plate geometry of gap 1 mm with a bottom plate equipped with a Peltier element and a sandblasted
upper plate.
